We present an experimental verification of the theoretical scaling relationship of the spectral components that are a characteristic of instability in fiber soliton lasers and are dominant when the system length is comparable with the related soliton length.
Over the past few years there has been considerable research undertaken with periodically amplified soliton systems", 2 with specific relevance to long-distance, high-capacity communications. However, the most commonly encountered example of a periodically amplified soliton system is that of the fiber soliton laser. In the past two years, erbium fiber lasers specifically have been investigated as potential, simple sources of solitons.
Although for current communications purposes the required pulse durations are in the tens of picoseconds regime, the gain bandwidth of erbium has been shown to be capable of supporting 100-fs pulses, 4 and numerous investigations have been undertaken on the ultrashort-pulse generation capabilities of various laser configurations."' 8 The majority of investigations on femtosecond pulse generation in erbium fiber soliton lasers have utilized the so-called figure-of-eight geometry, first introduced by Duling, 5 the operation of which is based on the ultrafast saturable absorber characteristic of the nonlinear amplifying loop mirror to passively mode lock the laser system. This, in association with soliton pulse shaping, gives rise to ultrashort-pulse production. Femtosecond pulses have also been generated in linear cavity arrangements, 7 while the shortest pulses reported so far have been derived from a figure-ofeight system. 9 Irrespective of the basic laser geometry, with subpicosecond operation the lasers do not exhibit a strictly periodic output, but instead they show a temporally structured output, periodic at the optical round-trip time of the fiber laser. The actual temporal structure is dependent on several factors, including the pump power and the phase biasing of the loop.
Associated with the quasi-periodic temporal behavior is the appearance of downshifted and upshifted spectral components.
9 "11 In certain circumstances, structure can also be generated within the initial pulse spectrum. It has been suggested' 0 that the spectral sidebands could arise through modulational instability; however, a simple power scaling shows that this could not be so. In this Letter we present experimental evidence on the verification of the theoretical scaling of the spectral sidebands from a model that describes the initiation of instability in periodically amplified soliton systems.' 2 In the modeling of the erbium soliton laser, the guiding center1 3 or average soliton' 4 concept is used. It has been shown that in using a nonlinear Schr6dinger description of soliton propagation in the presence of a periodic gain (or loss), stable pulse propagation is possible when the length scaling of the generated soliton is long compared with the length scaling of the amplifier or in fact with any periodicity in the laser system. Under these conditions the description of the soliton can be undertaken in terms of the average energy or, for example, the average system dispersion (should it exhibit variations), and the pulse will propagate with its duration effectively constant. This applies even in the presence of massive gain perturbations commonly encountered in erbium fiber soliton lasers provided that the condition ZA << Zo is met, where ZA and ZO are the amplifier and soliton periods, respectively.
However, in mode-locked erbium fiber soliton lasers, as short-pulse solitons evolve they are affected by the periodicity of the amplification process, and this gives rise to instability within the soliton and the evolution of the characteristic spectral components and temporal breakup. By considering the effect of a periodic amplification on the nonlinear Schr6dinger equation, and in particular the Fourier decomposition of the gain perturbation, Kelly" 2 has shown that the effect of excess dispersion in the first part of the cycle and excess nonlinearity in the remainder is to give rise to a series of discrete wavelengths in the soliton spectrum. These arise from the enhanced mixing that occurs between the soliton and the dispersive radiation that is shed from the perturbed soliton. The wavelength separation of these resonances from the central wavelength A of the soliton is derived by equating the single soliton wave vector and the wave numbers of the spatial harmonics of ZA, the amplifier length, and is given by AA'=~ + A 2 8nA
2v7cto ZA (1) where the soliton pulse width (FWHM) is 1.763to and n is the order of the sideband. Using a phase-matching criterion between the soliton and the continuum associated with the dispersive wave when the pulse begins to experience the effects of discrete excess self-phase-modulation and groupvelocity dispersion, Smith et al. ' 5 have shown that the spectral resonances occur at A schematic of the experimental arrangement used throughout this research is shown in Fig. 1 . A figure-of-eight configuration 5 was adopted, although the theoretical models are applicable to any periodically amplified geometry. The laser incorporated 5.6 m of erbium-doped fiber (approximately 1000 parts in 106 Er 3 + in a SiO 2 -A1 2 0 3 -P 2 0 5 host) pumped through a wavelength-division multiplexer (WDM) by as much as 250 mW of 980-nm cw radiation from a titanium-doped sapphire laser. Asymmetry in the nonlinear amplifying loop mirror (NALM) was provided by the introduction of a singlemode fiber of length L, initially 379 m long but which was varied in the research presented here. The minimum dispersion of this fiber was at 1.32 ,m. Output coupling was achieved by a 10% wavelengthdivision-multiplexed fiber coupler at 1.56 ,Am placed in the external loop, which also contained a fiber pigtailed Faraday isolator (FI) and a polarization controller (PC). Typical output powers were in the range 0.5-2.0 mW. Output spectra were recorded on a scanning spectrograph, and pulse durations, which ranged from 400 fs to 4 ps, depending on the experimental situation, were measured on a conventional scanning autocorrelator. Figure 2 shows a typical spectrum obtained for the laser operating in the unstable regime described above. In the time domain, the pulse train, although periodic at the cavity round-trip time, consisted of bunches of randomly spaced pulses, as has been reported by several other authors, and is a characteristic of the instability in the erbium fiber soliton lasers. For the situation shown, the averaged pulse duration was 1.3 ps, and from the fiber dispersions, an average soliton period of approximately 40 m was inferred. This was comparable with the overall fiber cavity length of 55 m. If we substitute these values into Eq. (2), spectral separations of 7.6 and 11.3 nm are predicted between the upshifted and downshifted components of the n = 1 and 2 sidebands. These are in reasonable agreement with the experimentally measured separations of 7.4 and 11.0 nm, respectively (see Fig. 2 ). Also shown within the main 2.1-nm (FWHM) spectral component associated with the soliton is a dominant spectral resonance occurring approximately 1.7 nm from the 1560-nm band center. Neither theoretical model' 2 " 5 predicts such a resonance; however, for convenience we label this the n = 0 resonance. It should be noted that the mechanism for the formation of this spectral feature is distinct from higher resonances (n > 0) in that they all occur at a fixed wavelength, which is characteristic of the system, whereas the n = 0 feature can be readily shifted in wavelength depending on the overall birefringence in the system, which leads to the conjecture that phase-matched four-wave mixing is playing a dominant role in the resonance process. It should be noted that the n = 0 components were never observed in isolation, that higher-order components were always present. The inverse was not so, and it was possible to observe sidebands from n = 1 upward without the n = 0 being dominant. Kelly's model" 2 does not predict the n = 0 sideband as such, since the n = 0 component would correspond to no periodicity of the amplification being effective. The n = 0 component is a result of the instability process, requiring the presence of higher orders, and possibly arises from cross-phase modulation and fourwave mixing between the soliton and the dispersive radiation shed from the unstable soliton.
For components greater than n = 0, the fraction ZO/ZA significantly influences the wavelength location. Since this is not a constant as ZA is varied (through varying L), the relationship between AA and 1/r is not simply linear [see Eqs. (1) and (2) above]. Figure 3 shows the experimental separations of the upshifted and downshifted n = 1 components measured for various fiber cavity lengths. Also shown are the theoretically determined values, using Eqs. (1) and (2), and it can be seen that better In a given experimental situation of fixed amplifier length, pulse width, and consequently fixed soliton length, theory predicts that the square of the sideband separation from band center should vary linearly with the sideband order. The experimental verification of this scaling is shown in Fig. 4 , together with the theoretically predicted dependences, once again better agreement being provided by Ref. 15 . The result shown was for a laser supporting a pulse of approximately 750 fs.
In conclusion, experimentally operating in the regime of ZO/ZA in the range 0.3-1.5, we have verified a theoretical model that describes instability in fiber soliton lasers. It is acknowledged that this is a simple model, since no account is taken of the modelocking process, which could tend to stabilize the laser; however, agreement of theory and experiment was good.
A full consideration of the scaling of the amplifier length to the characteristic soliton length to overcome the instability problem should permit a design criterion for a stable ultrashort (-100 fs) erbium soliton laser. The signature of the spectral instability has been observed in ultrashort-pulse dispersion-compensated, solitonlike Nd fiber lasers' 7 and has also been observed in communication-sized networks.' 8 The instabilities observed have occurred in the presence of large gain perturbations. By operating in a low-gain regime; however, the effect can be greatly reduced. 
